1. A parallel dose-dependent activation of histone kinase, phosphorylase kinase and phosphorylase was observed in isolated hepatocytes incubated in the presence ofglucagon; the effect of suboptimal concentrations of glucagon was antagonized by insulin. 2. An activation of phosphorylase which was not accompanied by a stable change in the activity of phosphorylase kinase was observed in hepatocytes incubated with phenylephrine, isoproterenol or vasopressin as well as on decapitation of unanaesthetized animals. A dissociation of the two enzymic activities was also observed in hepatocytes incubated in the presence of a high concentration of glucose, in which phosphorylase was strongly inactivated with no change in the activity of phosphorylase kinase. 3. The activation of phosphorylase by phenylephrine in isolated hepatocytes was counteracted by insulin, greatly decreased by the absence of Ca24 from the incubation medium, and completely suppressed by the replacement of Naf by K+. 4. In a liver extract, phosphorylase kinase could also be activated by trypsin. Control, glucagon-activated or trypsin-activated phosphorylase kinase was inhibited by about 70% byEGTA and the activity was restored by the addition of Ca2+. 5. The mechanisms that control the activity of phosphorylase kinase and of phosphorylase are discussed.
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The antagonistic action of glucagon and insulin on glucose production and phosphorylase interconversion as well as on the formation ofcyclic AMP and ion movements in the perfused rat liver is well established (for a review see Exton & Park, 1972) . The role of cyclic AMP as an intermediary in the insulin effect on the liver is, however, still a mnatter of dispute (see, e.g., Claus & Pilkis, 1976) .
On the other hand, the activation of liver glycogenolysis and gluconeogenesis by a-adrenergic agonists (Sherline et al., 1972; Tolbert et al., 1973; Exton & Harper, 1975) , vasopressin (Kirk & Hems, 1974; Keppens & De Wulf, 1975) and angiotensin appears to be in. dependent of a change in cyclic AMP concentration. It has also been shown that increasing the concentration ofK+, as well as that ofglucose, in the incubation medium causes an inactivation of phosphorylase and a secondary activation of glycogen synthase in isolated hepatocytes (Hue et al., 1975) and that the absence of Ca2+ affects the action of several agonists on both gluconeogenesis (Tolbert & Fain, 1974; Pilkis et aL., 1975) and phosphorylase activation . Cations appear there. fore to be possible substitutes for cyclic AMP in acting as intracellular messengers of the hormonal action.
The purpose of the present work was to investigate the mechanismn by which phosphorylase is activated Vol. 162 in the liver under various experimental conditions, and, more precisely, to check to what extent it could, in each case, be explained by the classical cascade of reactions which involves the activation of protein kinase by cyclic AMP, of phosphorylase kinase by protein kinase and of phosphorylase by phosg phorylase kinase (Walsh & Krebs, 1973) . This cascade has been little studied in the liver, and it is only in recent years that an activation of protein kinase by glucagon In vivo (Sudilovsky, 1974) of phosphorylase kinase by cyclic AMP in liver extract (van de Werve et al., 1974) and by glucagon in vivo (Shimazu & Amakawa, 1975) or in isolated hepatocytes (Vandenheede et al., 1976) has been reported.
In the present paper we show that, whereas con' certed activation of protein kinase (measured by the phosphorylation of histones), phosphorylase kinase and phosphorylase occurs by the action of glucagon, the activation of the three enzymes can be dissociated under other experimental conditions. Some properties of liver phosphorylase kinase are also described.
Materials and Methods

Proteins
Phosphorylase b was purified from rabbit muscle by the method of Fischer & Krebs (1962) , and from pig liver as described by Stalmans & Hers (1975) . The heat-stable protein inhibitor of cyclic AMP-dependent protein kinase was purified from rabbit muscle, up to the step of trichloroacetic acid precipitation (Walsh et al., 1971) . It was verified that the inhibitor suppressed the activity ofliver histone kinase and glycogen synthase kinase in the presence of cyclic AMP, and that purified muscle phosphorylase kinase (Brostrom et al., 1971) 
Experiments with rats in vivo
Well-fed male Wistar rats (200-250g) were anaesthetized by intraperitoneal injection of pentobarbital (0.1 mg/g body wt). The abdomen was opened and the liver exposed. A loose ligature was placed around the base of the caudate lobe of the liver and a first biopsy was taken from this lobe 20mi after the beginning ofanaesthesia. To avoid bleeding, the ligature was tied soon after cutting the liver sample. At 5min after the first biopsy was taken, glucagon (0.1 ug/g body wt.) was injected intravenously and a second biopsy was taken from the left lateral lobe 2min after the injection. Decapitation was performed after the same duration of anaesthesia (20min) and the liver was frozen within a few seconds. Non-anaesthetized animals were decapitated and the liver was quick-frozen within 12s. Biopsies were quick-frozen by the method of Wollenberger et al. (1960) and kept in liquid N2 until further processing.
Isolation and incubation ofhepatocytes
Hepatocytes were isolated from livers of fed Wistar rats as previously described (Hue et al., 1975) , except that (1) the cells were suspended and incubated in a Krebs-Henseleit (1932) bicarbonate buffer (Na+ medium) or in a K+ medium containing 1l8mM-KCI, 4.75nM-NaCl, 2.5mM-CaCl2, 1.18mM-KH2PO4, 1.18mM-MgSO4, 25mM-KHCO3 [both media were in equilibrium with 02+CO2 (95:5) at pH7.4] and (2) the cell suspensions were centrifuged for 30s at 50g. Packed cells contained 220mg of protein/g (Hue et al., 1975) , as measured by the method of Lowry et al. (1951) , with bovine albumin as a standard. Cell suspension (1 ml, containing about 50mg of cells) was shaken (120strokes/min) in stoppered 20ml vials at 37°C in the presence of 10mM-glucose, bacitracin (1mg/ml), and, when added, 10nM-insulin. Bacitracin was added to prevent the degradation of the hormones (Desbuquois et al., 1974) . The gas phase was 02+CO2 (95:5). Other hormones or agonists dissolved in 0.9 % NaCl were added after 30min of incubation; 2min later, 0.1 ml samples of the cell suspension were pipetted and immediately frozen intubes kept at the temperature of solid CO2 in acetone until further processing.
Measurement ofenzyme activities
Frozen liver biopsies were homogenized in a Potter-Elvehjem tube in an ice-cold solution of which the composition and volume varied according to the enzyme to be measured. Frozen samples of the liver-cell suspension were thawed by shaking them with the same solution and used for enzymic determinations without further homogenization of the cells, as indicated by Vandenheede et al. (1976) .
Histone kinase. Protein kinase is known to catalyse the phosphorylation of several proteins, including histones, phosphorylase kinase and glycogen synthase. Its activity is currently measured by the phosphorylation of purified histones, and is referred to here as histone kinase.The solution used to prepare the liver extracts contained 0.25M-sucrose, 4mM-EDTA, 10mM-theophylline and 10mM-sodium phosphate buffer, pH7.4; 50p1 of a 1 % (w/v) liver extract was incubated at 30°C in polypropylene tubes containing 100,l of a solution of 0.3mM-[y32P]ATP (0.35uCi/test), 15mM-magnesium acetate, 1.5mM-theophylline, 0.2mM-dithiothreitol, 2.25 mg ofhistone IT-A/ml, 22mM-NaF, with or without 5UMm-cyclic AMP. At various times of incubation up to 6min, 25p1 portions were spotted on Whatman P81 paper (2cmx2cm) and the procedure was continued as described by Witt & Roskoski (1975) . Each sample was run in duplicate or triplicate. Activity ratio is expressed as the activity in the absence ofcyclic AMP divided by the total activity in the presence of cyclic AMP. Within one experiment, this latter activity was constant.
Phosphorylase kinase. The solution used to prepare the liver extracts contained 75mM-KCI, 125mM-KF, 2.5mM-EGTA, 12.5mM-glycylglycine, pH 7.4, and 0.75mg of the heat-stable protein inhibitor/ml; 50ul of a 2.5% extract was added to 100u1 of a solution containing 60 units of purified muscle phosphorylase b (except where otherwise stated)/ml, measured at 1977 30°C, 0.15M-KCI, 5nIM-EGTA and 25mM-glycylglycine at pH7.4. The mixture was preincubated for 3mn at 37°C and the reaction was started by the addition of lOpl of 32mM-ATP and 20mM-MgSO4. At various times afterwards and up to 9min, 25,u1 samples were taken to measure the activity of phosphorylase a as described by Hue et al. (1975) , except that the temperature was 30°C, the final concentration of caffeine was 5mM, and that EDTA was added at a final concentration of 10mM. This high caffeine concentration was required in order to counteract the stimulation of muscle phosphorylase b by small concentrations of AMP. EDTA was added to stop the ATP/Mg-dependent activation of phosphorylase. One unit of phosphorylase kinase is the amount of enzyme that catalyses the transformation of 1 unit of phosphorylase b into phosphorylase a per min under the conditions of the assay. Phosphorylase a. The method used for the determination of glycogen phosphorylase a at 20°C and the homogenization medium used were previously described (Hue et al., 1975) . The unit of phosphorylase is the amount of enzyme that converts 1 umol of substrate/min in the conditions of the assay.
Results
Activation ofphosphorylase andphosphorylase kinase in the liver ofrats in vivo Stalmans etal. (1974) had shown that the decapitation of non-anaesthesized mice caused an activation of phosphorylase and that this effect was greatly decreased under general anaesthesia. We show in Table 1 that a similar effect was obtained in the rat, but that the activation of phosphorylase caused by decapitation of non-anaesthetized rats was not accompanied by activation of phosphorylase kinase, whereas glucagon administered to anaesthetized animals activated both enzymes.
Experiments with isolated rat hepatocytes
The results shown in Figs. 1-3 are illustrative of a series ofexperiments which gave consistently the same type of results with, however, some quantitative variation with regard to the sensitivity of phosphorylase towards the effector. Fig. 1 shows that the additionofO.3 nM-glucagon to a suspension of isolated hepatocytes caused a transient activation of histone kinase, phosphorylase kinase and phosphorylase. This effect was already maximal within 2min of the addition of the hormone and then decreased progressively during the following 30min. Fig. 2 illustrated the dose-dependence of the glucagon effect, measured 2min after the addition of the hormone, and its antagonism by insulin; it is shown that glucagon caused a parallel activation of histone kinase, phosphorylase kinase and phosphorylase and incubation of the cells in the presence of lOnMa) ?. [Phenylephrine] (M) Fig. 3 . Effect of insulin and ions on the activation ofphosphorylase by phenylephrine 0,Cntrol; l*, 10dM-iisUlin; A, incubation in a Na+ meditiniwithdut Ca2+; fl; incubation in a K+ medium.
in i §6lated hepatodytes (eHud E al., 1975) . Table 3 shows that this kIucse effidt is not ielated to a change in the degree ofactivation of phosphorylase kinase. Khoo & Steinberg, 197f) . Fig. 4 shows the efft of EGTA and various cncentrations of Ca2+ on the activity of phosphotytage kinase ofrat Hver before and after glucgon treatment: both preparations were inhibited by about 70%, in the resence of 7mm EGTA and displayed an optimal activity at concentrations of Ca2+ close to 0.1 am.
Trypsin is also known to cause an activation of muscle phosphorylase kinase (Krebs et al., 1964) . We show in Fig. 5 that a similar efiect can be obtained on plosphorylase kinase of isolated hepatocytes incubated with or without glucagon. After trypvin activation, the Ctivitim of both preparations were about equal. The enzyme treated by trypsin was also inhibited about 60% by 7mm-EGTA and the activity was restored by the addition. of very smal (10nM) Concentrations of Ca2+ (not shown). 
Discussion
In the following discussion, the words 'activation' and 'inactivation' are used to designate a stable . Effeet ofEGTA and Ca2+ out phospharylase kinase activity Liver biopsies were taken before (o, A) and after (e, A) treatment with glucagon. Phosphorylase kinase activity was assayed in the presence (0, *) or absence (A, A) of 6.6mM-IlGTA and with increasing concebtrtions of free Can, calculated as described by Portzehl et at. (1964 Corbin et al. (1975) , the fixation ofthe nucleotide on only one of the two types of protein kinase existing in the liver is rapidly reversible. We will use the word 'activation' to designate an augmentation of the activity of histone kinase measured in the absence of added cyclic AMP.
Properties ofliver phosphorylase kinase The data presented in this paper confirm that the activity of phosphorylase kinase in the liver can be modulated by two mechanisms.
(1) The conversion ofa less-active form into a moreactive form. This conversion occurs under the action of glucagon and is presumably catalysed by cyclic AMP-dependent protein kinase (see below). The change in activity that we have registered under the action of glucagon varied from two-to three-fold, and it is not possible to say at the present time if the activity registered in the absence of glucagon is due to a partial activity of the less-active form or to the presence of a certain percentage of more-active form. A similar activation of phosphorylase kinase by glucagon has been described by Shimazu & Amakawa (1975) and by Vandenheede et al. (1976) .
(2) Changes in Ca2+ concentration may also affect the activity ofthe enzyme; since there was an optimum of activity at 0.1-0.3pM-Ca2+, an increase in Ca2+ concentration may either stimulate or inhibit the enzymic activity. Stimulation that can be expected from an increase in Ca2+ concentration seems to be maximally three-to four-fold. The fact that the two forms of liver phosphorylase kinase displayed the same sensitivity towards Ca2+ is in contrast with the property of muscle phosporylase kinase, of which the active form is more sensitive to Ca2+ than the less active form (Brostrom et al., 1971) . The ability to be activated by trypsin is a property that liver phosphorylase kinase has in common with its muscle homologue.
Two mechanisms ofphosphorylase activation Our data indicate that there are at least two mechanisms by which phosphorylase can be activated in the liver.
(1) The activation of phosphorylase by glucagon is clearly related to an activation of phosphorylase kinase and histone kinase. The latter activation may reflect an increase in cyclic AMP concentration in the liver. The same doses of glucagon caused the activation of the three enzymes, and these doses were also very similar to those reported to stimulate cyclic AMP production, glycogenolysis, gluconeogenesis (Exton et al., 1970) and pyruvate kinase inactivation (Feliu et al., 1976) . It therefore seems reasonable to assume that the cascade known to operate in muscle (Walsh & Krebs,-1973 ) also works in the liver.
(2) Phosphorylase can also be activated without a change in the proportion of the two forms of phosphorylase kinase in the liver. This was the case on decapitation of non-anaesthetized rats as well as on incubation of isolated hepatocytes in the presence of phenylephrine, vasopressin and isoproterenol. A likely explanation for the activation of phosphorylase is a stimulation of phosphorylase kinase by a change (presumably an increase) in Ca2+ concentration. This hypothesis is supported by the observation that activation of phosphorylase by phenylephrine is markedly decreased when the hepatocytes were incubated in the absence of Ca2+ (see also .
A complete suppression of the phenylephrine effect in a K+ medium may be related to the known influence of univalent cations on the change in the intracellular Ca2+ concentration (for a review, see Rasmussen et al., 1975) . A change in the activity of phosphorylase phosphatase is another mechanism by which phenylephrine and other agonists might modify the concentration of phosphorylase a in the liver. The glucose effect, which, as shown in the present paper, is also not related to a stable change in the activity of phosphorylase kinase, has been previously explained by a stimulation ofphosphorylase phosphatase (Hers, 1976; Stalmans, 1976) .
Effect of insulin
Insulin seems to prevent the activation of phosphorylase by interfering at several steps of the glycogenolytic cascade.
(1) The property of insulin that prevents the activation of histone kinase, phosphorylase kinase and phosphorylase in the presence of low concentrations of glucagon is presumably related to the known effect of this hormone of preventing the accumulation of cyclic AMP under these experimental conditions (Exton & Park, 1972) .
(2) Insulin also counteracted the activation of phosphorylase by phenylephrine, suggesting that it might affect Ca2+ concentration, which, as indicated above, seems to play a role in the action of the aadrenergic agonist. It is of interest to recall that hepatic mitochondrial Ca2+ transport is stimulated in rats treated with insulin (Dormann et al., 1975) .
(3) We show in the following paper (van de Werve et al., 1977) 
